We present a high performance, low cost, simple setup for long term temperature stabilization of a 2 m optical fiber ring cavity for laser frequency stabilization applications thanks to birefringence of the fiber and its dependence on temperature. The fiber temperature is controlled, at millisecond time scale by LED (light emissive diode) illumination. This allows reaching a temperature stability of 0.1 µK at 100 seconds for the 2 m long PM ring fiber cavity. This is a reduction of the fiber temperature by a factor of 2×10 5 (from 20 mK to 0.1 µK) and 5×10 5 (from 300 mK to 0.6 µK), at 100 seconds and at 10 5 seconds, respectively, with respect to the ambient temperature variations.
INTRODUCTION
Ultrastable lasers are typically realized by electronically locking the laser frequency to a resonance of an external reference cavity like Fabry-Perot cavity or whispering-gallery-mode resonators…When locking a laser to a fiber cavity, temperature drifts of the fiber are known to degrade the locked laser optical frequency on the long term due to the thermo-optic coefficient of silica, about 10 -5 /K. In a different context, a dual-mode temperature measurement and stabilization has been implemented recently on two orthogonally polarized Whispering Gallery Mode (WGMs) [1, 2] . The shift of this "dualmode beatnote frequency" can serve as a sensitive thermometer, and can be used as an error signal to control the 2 mm radius WGM resonator temperature by heating it with a light emitting diode (LED) [3] . In another experiment [4] an external heating laser was used for thermal control of an optical fiber Fabry-Perot resonator (FPF) to achieve a very highspeed tuning, at microsecond time scale, on cavity resonance frequency [4] .
In this paper, we describe a high performance, low cost, simple setup for long term stabilization of a laser, where the role of the temperature sensor and of the optical reference cavity are played by the very same polarization maintaining (PM) fiber cavity. Two lasers can be frequency locked on the modes corresponding to two orthogonal polarization axes of a PM fiber ring cavity. The latter is obtained (realized from a commercial, low loss, low ratio tap coupler, by connecting two of the four ports). The laser polarization is made to match the slow axis polarization, and the fast axis polarization, respectively. Then, thanks to birefringence of the fiber and its dependence on temperature, the two lasers' beat-note frequency turns out to be an efficient temperature discriminator, and can be used in a loop that controls the fiber temperature. The cavity temperature is controlled, at millisecond time scales by LED illumination of the fiber. This allows reaching a temperature stability of 0.1 µK at 100 seconds for the 2 m long PM ring fiber cavity. The noise-budget analysis shows that thermal drifts of several offsets in electronic circuits mainly limits the long-term stability, and need to be dealt with at the required level. The transfer function of the cavity between output and input optical wave 0 = ωt , is given by:
Where = 2 = ⁄ ω / is the delay phase caused by the fiber ring length, is the optical frequency of the laser source, the fiber refraction index, the fiber length of ring cavity, c the light velocity in vacuum.
The ideal case without loss, + = 1, was applied in this analysis. See Sect. 2.2 for the case of non-zero losses. As the index is slightly different for the two polarizations of the PM fiber, the free spectral range ( ) / is slightly different and the two combs of modes are shifted from each other.
The phase of the transfer function is written as:
The cavity finesse, Γ, determined by the ratio between a 2 cycle and the ∆ = ( = /2) − ( = − /2) phase separation, may be approximated by Γ ≈ 6/ . Finesse is about 59.6 when R = 10%, 122 when R = 5% and 292 when R = 2%.
Real case with loss in fiber ring cavity
The loss in the ring cavity ( Figure 1 ) may be modelled by coupler insertion loss, and ring fiber loss . The reflection and transmission ratios , , can be redefined using the 0 and 0 = (1 -0 ) ideal ratios.
The ideal transfer function; eq. 1, becomes:
In this case, the cavity finesse depends also on coupler loss and ring cavity fiber loss, and can be written as:
When the coupler loss is 10%, it can reduce the finesse from 59.6 ( 0 = 10%), 122 ( 0 = 5%), and 292 ( 0 = 2%) to 29.9, 40.3 and 50.4, respectively.
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The Figure 2 below shows the transmission spectra recorded with fiber ring cavities made with ComCore [5] and OzOptics [6] , fiber couplers. The finesses measured in slow axis and fast axis are shown in the table I. 
Locking on cavity -Pound-Drever-Hall setup
The error signal is formed with a Pound-Drever-Hall setup [7] . A phase modulation is imprinted onto the laser beam before the cavity input. The modulation signal is characterized by its amplitude and frequency , with Ω = 2 . For small angle expansion, we can consider that:
so that we have a carrier and two sidebands, and the beam out at the output of the resonator is:
Where is defined in eq. 4, ( ) = 0 ( ) ( ) as a function of = 2 .
The power of the output beam, measured by a photodetector, is given by:
A mixer converts the term that is proportional to sin(Ωt) into an error signal:
Figure 3 below shows the error signal shape at amplitude modulation = 0.5 and for several values of the frequency of modulation = Ω/2 . The calculation is performed for 2 m fiber ring cavity, ≈ 100 MHz (1 cycle), without loss = 0.1, T = 0.9 In Figure 3 below, one horizontal division equals to about of 10 MHz.
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where ≡ ( ⊥ + ∥ ) 2 ⁄ is the average index, and ∆ ≡ ( ⊥ − ∥ ) is the birefringence of the fiber.
Birefringence in PM1550 fiber is about ∆ ≈ 4.65 × 10 −4 [8] . Thus, ∆ 2 can be neglected, the beatnote frequency is rewritten by:
where Figure 4 below shows the contributions of the two terms in the beatnote frequency magnitude when ⊥ − ∥ is scanned at given ⊥ + ∥ for various cavity fiber lengths. 
Chania, Greece 9 -12 October 2018 correctly characterize beatnote frequency, the two lasers must be adjusted on frequency for achieving a beatnote frequency small enough to be reasonably convenient for PDH locking, say, from several tens MHz to several GHz corresponding to the zone [500, 700] of ∆ .
Let us now consider locked operation, that is, ⊥ and ∥ are fixed integers: in a temperature variation, the beatnote frequency varies because of isotropic index variation, ( ⊥ + ∥ ) 2 ⁄ term, and because of differential sensitivity, ( ⊥ − ∥ ) 2 ⁄ term. The fractional sensitivity of the beatnote frequency to the temperature can be estimated by:
For a PM fiber (cladding-SiO2), thermal expansion coefficient / is about of 5 × 10 −7 −1 , thermal coefficient for index / is about of 6 × 10 −6 −1 and the group birefringence thermal coefficient ∆ / is about of 4.1 × 10 −7 −1 [8] . With fiber length of 2 m, we expect a fractional beatnote thermal sensitivity / of 0.054 −1 when the beatnote is about 1 GHz. In Figure 5 -a, we note that thermal effect on PM fiber is dominated by birefringence thermal effect (differential effect on fiber index), the frequency shift is 300 times bigger than isotropic index effect. The contribution from fiber expansion is negligible. / is essentially independent of the beatnote frequency. Its value of about 50 MHz/K or 50 Hz/µK that can provide a highly sensitivity temperature discriminator from frequency measurement.
Experiment setup and results

Double laser lock to fiber ring cavity
Two 1542 nm sources, Koheras -E15 Adjustik lasers, are used in the experiment, with a spectral linewidth of 5 kHz (measured at 100 ms), their frequencies are tunable by temperature and high-speed piezo controllers. To generate the two PDH error signals, one laser is modulated in frequency at 10.1 MHz, the other one at 12.0 MHz by two fibered electro/optic phase-modulators (MPX-LN-0.1 from Photline). The two modulated lasers are combined by a polarized beam combiner/splitter and sent to the fiber cavity at the two orthogonal polarizations (slow and fast axis) of the PM fiber. The transmitted beam, containing resonance information for the two laser sources at the two polarizations, is detected by the same photodiode (Thorlabs DET10C/M). Two identical Pound Drever Hall locking systems, developed by the laboratory, demodulate the photodiode signal (at respectively 10.1 MHz and 12.0 MHz) and lock the two lasers on two modes of the cavity with 1.5 kHz bandwidth using the piezo laser frequency actuators. 10.1 MHz instead of 10.0 MHz is selected for one of the two channels to avoid cross-talks in the demodulated signal caused by high harmonics mixing that occurs when the two frequencies are exactly 12.0 MHz and 10.0 MHz. 10% of optical power from two lasers are dedicated to the two PDH locking systems, and 90% is dedicated to the user, out of which we use 10% of for beatnote detection by a fibered EM4 18 GHz photodiode. This result shows that the beatnote frequency is a very high sensitivity discriminator of fiber ring temperature at sub-µK scale, and suggests us a simple, high performance setup for temperature stabilization of fiber ring cavity. In the next section, we discuss how to control fiber ring cavity temperature from beatnote frequency when the two lasers are locked on the cavity.
Ring cavity fiber temperature controller
In this section, we present how to mount the 2 m length ring fiber cavity to control its temperature. The main idea is that temperature of the ring cavity is regulated by a Peltier unit at long time range and by LED illumination at short time range -as discussed in section III-C. For this configuration, we need to put the fiber ring cavity in a thermally insulated, thick
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Mod.Ф Polar. Figure 8 , for preliminary stabilization of its temperature. The aluminium enclosure is placed on 4 Peltier units contacted (by thermal paste) to an aluminium plate (300 x 600 mm) heated by 3 heating mats (in orange, below the plate, Figure 8 ) to allow us to set quickly the approximate temperature for the aluminium enclosure. The ring cavity and temperature sensors (four10kΩ thermistors in series distributed around the ring cavity) are placed together between two spherical metal reflectors ( = 120 mm, Figure 9 ). 3 white LEDs are fixed on each reflector to create a two-sided illumination for the ring cavity. The Figure 10 below shows the block diagram of cavity temperature control. To stabilize ring cavity temperature at long time range, 4 Peltier unit are controlled firstly by observing enclosure temperature (detected from thermistors lying at the enclosure bottom), and maintain it around T0 = 35 degrees when ambient temperature varies between 24 -27 °C in our experiment. LED current is controlled directly to stabilize the beatnote frequency using LED light absorption in the fiber coating, painted beforehand with usual black ink for efficient control. The response of the beatnote frequency under LED illumination is discussed in section III-C. The beatnote detected by EM4 photodiode is amplified and divided in two channels, one for slow, high resolution frequency measurement (F0+f0+ΔF, by frequency-meter at one measure per 2.5 seconds). The other one is dedicated for high-speed frequency measurement (ΔF, by a frequency discriminator providing Hz-to-voltage conversion) to track quickly beatnote frequency variations and send corrections to LED current controller in order to stabilize beatnote frequency and fiber ring cavity temperature.
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The division in short and long time range accounts for the fact that LED illumination is powerful enough to give rise to a 1K resonator temperature rise, because the thermal mass of the fiber is very small, but not powerful enough to give rise to the same temperature rise of the aluminum enclosure (about 2 kg) to compensate large variation of ambient temperature (about several degrees). The locking system with 4 Peltier unit, mounted as in Figure 9 , can maintain the enclosure temperature with a deviation of several mK when ambient temperature varies several degrees, shown in Figure 11 . Figure 11 . Allan deviation of ambient temperature and enclosure temperature when Peltier locking is activated
In this condition -one or a few tens of mK stability, the LED current controller is able to compensate and stabilize the ring cavity temperature to <µK, presented in the section III-C following. From now, one defines that ring cavity temperature variation is the temperature variation calculated from the measured beatnote frequency with thermal coefficient of 44 MHz/K, and enclosure temperature is the directly measured temperature by thermistor sensors in the enclosure.
Because of large thermal mass, the whole system (aluminum enclosure, plate) takes several minutes to reach a steady temperature. In addition, at very long time range (1 day), the fiber resonator temperature can change under large ambient temperature variations because the controller loop gain is not high enough at this very long time range. To solve this issue, we try to integrate beatnote frequency variation at very long time range, and use this integrated signal to change the setting temperature of the insulated enclosure in order to offload LED illumination system and to achieve the stability of the beatnote frequency at this long time range. The Figure 12 shows the block diagram of addition channel for Peltier controller. This configuration allows us to improve by a factor of 3 or 4 the cavity ring temperature stability at very long time range (> 10 4 seconds). In the section III-C, we present also the result when addition channel is not activated. 
ICSO 2018 International Conference on Space Optics
In this way, when LED current controller is activated, both beatnote frequency and enclosure temperature are stabilized at both short and long term. Figure 13 shows raw data of beatnote frequency when we activate LED locking system, it gives us first idea of locking performance. These results are detailed and discussed in the following sections. Figure 13 . Beatnote frequency raw data and Allan deviation (converted to temperature) before and after activation of LED locking system
Transfer function of Beatnote frequency versus LED current
The ring cavity temperature (2 m fiber) varies when the fiber absorbs LED light. By modulating LED current (12 V, 20 mA in total, equivalent to 0.25 W variation), cavity temperature can be varied 0.35 mK at 10 Hz (or 100 ms), Figure 14 -a. That is equivalent to a variation of 500 kHz on laser optical frequency and 16 kHz on beatnote frequency. In addition, we notice that the reaction time of ring cavity temperature is sub-ms when we turn on/off the LEDs, Figure 14 The different behaviour between beatnote frequency variation and PDH Piezo correction at millisecond scale when the LED was turned on (after 0.1 s moment in Figure 14 -b, -c) can be explained by 200 Hz bandwidth at of our frequency discriminator (analog frequency discriminator, using the commercial POS+75 VCO from Minicircuits). Converted to ring cavity temperature versus LED current, transfer function can be modelled by 0.2/ [mK/mA]. This parameter will be used as input to select an appropriate gain for the temperature locking system design. In the next section, we show some experimental results of ring cavity temperature when current LED locking is active. We achieve an attenuation factor of 500 between enclosure temperature and cavity ring temperature when LED current controller is activated.
This result confirms that the cavity temperature can be controlled and maintained to sub µK by the LED illumination method using beatnote frequency as the error signal for the LED current controller. This allows reaching a temperature stability of 0.1 µK up to 100 seconds for the 2 m long PM ring fiber cavity. As compared to the ambient temperature stability, this is an improvement by a factor of 2×10 5 (from 20 mK to 0.1 µK) and 10 6 (from 600 mK to 0.6 µK of fiber cavity temperature), at 100 seconds and at 10 4 -10 5 seconds, respectively. 
Conclusion
We have demonstrated a very simple, high performance setup, operating at room temperature for sub µK temperature stabilization off a 2m optical fiber ring cavity at long term (up to 100000 seconds), based on the thermal dependence of the fiber birefringence and LED illumination. Our set-up is based on commercially available components of the telecom industry. To the best of our knowledge, this is the first demonstration of sub µK temperature stabilization on a 2 m optical fiber. The present long term temperature stabilization of our approach is limited by thermal drifts of several offsets in electronic circuits (from PDH error signals, from offsets of Peltier controller circuit, from LED offset current, from lock loop Gain at very long time range,...). It also should be pointed out that in addition to the thermal dependence of the fiber birefringence, the measured beatnote frequency may have other dependencies, for example, on the humidity, or the atmospheric pressure around the fiber ring cavity). More investigations on these drifts and beatnote dependencies will be the subject of our future work. 
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Since the main object of our demonstrated optical fiber temperature stabilization setup is to provide a stable laser, it is interesting to estimate the projected fractional frequency stability of two laser sources locked to the fiber ring cavity. According to the figure 17, by using the factor of 30 between thermal sensitivities of laser frequencies and beatnote frequency, we expect to be able to stabilize our laser frequencies to 3.8×10 −13 at 3 seconds, to 6×10 −13 at 100 seconds, and to 3.1× 10 −12 per 10 3 -10 5 seconds. This expected result is promising when comparing to performance of 1.3×10 −12 at 1.0 second and 1.1×10
−10 at 1000 seconds [3] where the authors used the same technical (crystal birefringence thermal dependence [9] and LED illumination) on an MgF2 single crystal WGM resonator with 1560 nm lasers sources.
